The paper describes general geoacoustic model of the Peter the Great Gulf and detailed model of its part. General geoacoustic model is formed on the basis of geological, seismic and bathymetric data. It includes distribution of P-, S-wave, density and attenuation of friable sediments at the bottom surface and averaged characteristics for different types of rocks in the gulf. Bathymetric data processing was carried out by means of two-dimensional singular spectrum analysis, based on the ratio between the size of relief structures and the energy expended under the development of tectonic processes. Detailed geoacoustic model is based on processing of hydroacoustic and seismic studies. Three sedimentary layers and the location of upper edge of the granite stratum are marked in the observable shelf area. The model demonstrates significant changes in P-, S-wave in the sediments of the lateral (1500-1750 m/s -P-wave and 120-600 m/s -S-wave) and vertical (1500-5400 m/s -P-wave and 120-3300 m/s -S-wave). Some of the more important oceanographic mechanisms determining both large-and small-scale spatio-temporal variations of sound speed field in the same area are presented. Qualitative analysis of the propagation of low-frequency signals is presented as an example of application of the model.
INTRODUCTION
Nowadays a preliminary collection of data on structure and the acoustic parameters of the geological formation and hydrological situation of investigated region is a necessary condition for effective hydroacoustic experiments. (Apel et al., 1997) . Such data can be obtained as a result of complex geologic-geophysical study of the bottom in the area of interest, determination of water dynamic peculiarity, construction of acoustic-oceanographic model. This approach was described, for example, by Yang et al., 2008; Lynch and Tang, 2008 , where previously formed geoacoustic model of bottom sediments was used to plan an experiment (Goff et al., 2004; Nittrouer and Kravitz, 1994) .
The paper presents the results of investigations of acoustic characteristics of friable bottom sediments in the shelf zone of the Peter the Great Gulf of the Sea of Japan. These studies are based on method of E. Hamilton (Hamilton, 1980) . Furthermore, bottom topography and average parameters of sound velocity profiles in the water column of study area were investigated too.
The research of acoustic parameters of the Gulf shelf zone includes investigation and analysis of: bottom topography (relief), spatial distribution of the acoustic characteristics at the friable sediment surface in the Gulf; conditions of occurrence of unconsolidated and hard rocks at the studied area and vertical distribution of the elastic properties in them; typical seasonal variations the sound velocity profile in the investigated water area, and spatialtemporal variability of the sound velocity field.
The Peter the Great Gulf is the largest gulf of the Sea of Japan (Fig. 1) . It is situated in the north-western part of the Sea in latitudes 42°17'-43°20' North and longitudes 130°41'-133°02' East. It occupies about 9000 km 2 . We studied in details the area of 400 km 2 , constructed geological and geo-acoustic model of the sedimentary strata for this site, carried out the detailed analysis of bottom topography and water column parameters. 
Relief
The authors analyzed the relief-forming factors all over the Peter the Great Gulf, where structural blocks of various dimensionalities were obtained. And more detailed research of the bottom topography at the studied area was based on collected bathymetric data. Digital data on the Gulf bottom topography and the adjacent land were obtained on the basis of information provided by NASA (ETOPO1, ASTER) and GEBCO, and were supplemented with the data from digitized bathymetric maps of the USSR. Field bathymetric survey was performed by the authors in 2009 -2010 , resulting in 15,200 depths meanings (Korotchenko et al., 2011 .
When depth map analyzing in the shelf area is required to separate the contributions from the geological processes of different nature, associated with the macro-, meso-and microreliefs, because of their scales and genesis are radically different. To solve this problem, the singular spectrum analysis (SSA) method (Elsner and Tsonis, 1996) was applied, that allowed us to carry out classification and segmentation of textural images. The purpose of the work is to allocate the spatial dimensioned scale of the structural components of the relief and its comparison with the tectonic features of the region. Based on the ratio between the size of the relief structures and the tectonic processes energy expended on the formation of relief, as a main processing method a two-dimensional SSA was applied, which is a part of the method of empirical orthogonal functions. Source data fields are "split" in the spatial structures of maximum variation and the relative contributions of each structure are estimated. Direct connection between the scales of variation and energy of tectonic processes determines the adequacy of mathematics applied.
The obtained sets of various scale vectors for the investigated area are divided into three categories, corresponding to the macro-, meso-and microreliefs. If we consider the Peter the Great Gulf in general, the macrorelief includes continental slope and major tectonic formations; the mesorelief is represented by coastal slope, separate underwater hills, elevations and canyons; micro-relief on the dry land is defined by erosion, and in the seaby sand hills, gullies formed due the water masses movement.
Geo-Acoustic Model
Shelf zone of the Peter the Great Gulf is well-studied due to the fact that the field experiments, including hydroacoustic (Samchenko et al., 2011a) , are carried out regularly in this site.
Acoustic characteristics of friable bottom sediments over the Peter the Great Gulf were obtained from the analysis of lithologic sediment samples, carried out by the authors (Samchenko, 2013) . Besides, the lithological sampling was performed in the Gulf during more than 20 surveys from board the research vessels (Likht, 1983) . In total 473 sediment samples with a known granulometric composition were selected over the Peter the Great Gulf. As the basis of the work studies by E. Hamilton (Hamilton, 1980; Hamilton, 1979; Hamilton, 1985) were accepted, where for different granulometric composition of sediment samples the quantitative estimates of the P-wave (compression wave) velocity were obtained. According to Hamilton, 1979 , a linear dependence exists between the P-wave and S-wave (share wave) velocities in friable sediments.
It is necessary to take into account the percentage of each fraction from the sample. The P-wave velocity for a case, where «Sand» fraction is 100%, is 1750 m/s, considering that the medium-grained sand has a grain size of 2.5 φ units; when the content of «Silt» faction is 100% -1560 m/s, for 5.4 φ units of a grain size; with 100% «Clay» fraction content in sediment -1450 m/s, with 8.5 φ units. When the sand grain size is 0.92 φ units («Coarse sand») the P-wave velocity is 1836 m/s, and it will be 1610 m/s for «Clay» fraction (4.5 φ units).
FIGURE 2. Percentage of various fractions in sediment samples.
According to the data of lithological sampling over the Peter the Great Gulf, more than 50% of the area is occupied by fraction of «Very fine sand» and «Fine sand» («Sand»), distributed along the coast, near the islands, and at depths of 80-200 m (Fig. 2) . The P-wave velocity for these types of sediments varies from 1700 m/s to 1750 m/s, S-wave velocity -from 400 m/s to 450 m/s (Fig. 3) . «Silty clay», «Clayey silt» and «Sand-silt-clay» fractions are detected in zones of carryover of fine material by rivers and on the continental slope, with depths of over 400 m, covering approximately 28% of the entire surface of the bottom of the gulf. The P-wave velocity for these fractions varies from 1480 m/s to 1610 m/s, S-wave velocity -from 80 m/s to 380 m/s. And then, «Sandy silt» and «Silty sand» fractions are defined in the Gulf in transition zone at the depths of 40-80 m and 200-400 m. At the same time according to the lithologic analysis data there is no «Silt» fraction in the Peter the Great Gulf. In friable bottom sediments the velocity of sound increases with depth (Hamilton, 1985) . Considering the maximum thickness of friable sediments in the Gulf of about 400 m the longitudinal wave velocity increases by 22%.
Thickness of upper friable sediments layer is obtained on the basis of data of continuous seismic profiling (2000-5000 Hz) (Samchenko, 2013) . Three seismic facies of sediments (Sf1-Sf3 in Fig. 4b ) are marked out in the Gulf, one corresponds to «Sand», second -to «Sandy silt» and «Silty sand», and the third -to «Silty clay», «Clayey silt» and «Sand-silt-clay» fractions. Example of the results of the continuous seismoacoustic profiling is shown in Fig. 4b . High-frequency (35 kHz) seismoacoustic investigations were carried out high in the Gulf at the site of 150 km 2 (Svininnikov and Yaroshchuk, 2006) . By analyzing of the reflected from the bottom surface signal we obtained the distribution of P-wave velocity in the upper layer of bottom sediments (Fig. 4b) . The calculated values of the Pwave velocity at investigated area of the Gulf vary from 1590 m/s to 1900 m/s. Four areas with increased sound velocity over 1700 m/s can be marked out. Three of them are located in the central part of the site and are small in size (area of about 3.5 km 2 ). The larger segment (8 km 2 ) is located to the east. In this part of the Gulf shelf the Pwave velocity, calculated according to the E. Hamilton's method, varies from 1570 m/s to 1750 m/s (Fig. 4а) . Increased sound velocity (over 1700 m/s) is marked out in the north-east of the site, as well as in two small areas, located in the center. On the whole, the distribution of the P-wave velocity, obtained by various methods, has high similarity.
Detailed Model
In this section we'll discuss the parameters of unconsolidated sediments and hard rock at the site of 400 km 2 , obtained from the analysis of seismic and hydroacoustic data and lithological sampling of the upper layer of bottom sediments. Seismoacoustic investigations were carried out by various organizations: POI FEB RAS in 1980 and 2007 (Likht et al., 1983; Markov, 1983; Samchenko et al., 2011) , Private Company «Dal'morneftegeophisika» in 2010 -2011 (Dal'morneftegeophisika, 2011 . Data on lithological sampling are presented in previous section, and hydroacoustic studies were carried out on the investigated area in 2007-2012 (Samchenko and Kosheleva, 2012; Samchenko et al., 2011b) .
On the basis of the seismic data and geological information 3 sedimentary layers are marked out as well as acoustic foundation presented by granitoids of Upper Pleistocene age (P 2 ). Sedimentary layers are represented by sands of different granulometric composition of Upper Pleistocene-Holocene age (Q III-IV ), coarse sand of LowerMiddle Pleistocene (Q I-II ), and the third layer consists of gravel-pebble sediments of Neogene age (N 2 ).
The elastic properties of sedimentary rocks at the investigated are of the Peter the Great Gulf shelf vary in the range: V p from 1575 m/s to 1750 m/s, V s from 300 m/s to 442 m/s and ρ from 1.85 g/cm 3 to 2.06 g/cm 3 horizontally in the upper sediment layer of Upper Pleistocene-Holocene age (Q III-IV ) (Fig. 5) . Vertical variations in the elastic properties of sedimentary rocks depend on the layer thickness and may be calculated as described by Hamilton,1985 . Elastic properties values in sediment layer of Upper Pleistocene-Holocene age (Q III-IV ) vary in the range from 1575 m/s to 1810 m/s -V p , from 300 m/s to 475 m/s -V s and from 1.85 g/cm 3 to 2.14 g/cm 3 -ρ, under the condition that the maximum thickness of the layer is 50 m. In the stratum of Lower-Middle Pleistocene (Q I-II ) at a depth of 70 m from the sea surface V p is approximately equal to 1800 m/s, which corresponds to the coarse sand (Hamilton, 1980) . Accordingly in the model, depending on the place depth, the elastic properties of the sediments of the Lower-Middle Pleistocene (Q I-II ), take values from 1800 m/s to 1850 m/s -V p , from 469 m/s to 500 m/s -V s and from 2.13 g/cm 3 to 2.18 g/cm 3 -ρ along horizontal. With increase in depth of the elastic properties of the LowerMiddle Pleistocene (Q I-II ) layer comes up to V p (max) = 2070 m/s, V s (max) = 655 m/s and ρ(max) = 2.44 g/cm 3 at the level of 243 m from sea surface, maximum thickness in this place is about 170 m. Sediment layer of Neogene age (N 2 ) consists of gravel-pebble sediment, its elastic properties are described in model by tabular data. Values V p (N 2 ) = 3000 m/s, V s (N 2 ) = 1810 m/s, ρ(N 2 ) = 2.33 g/cm 3 are average for all sediment layer of Neogene age (N 2 ), because the authors couldn't find data on elastic properties variation in gravel-pebble sediment. The lower boundary of the layer of Neogene age (N 2 ) corresponds to the upper edge of granite layer and is shown in Fig. 5d . The upper edge of the sediments of Neogene age (N 2 ) lies at a depth of 200-240 m from the sea surface. In the model the attenuation for sedimentary layers is accepted from tabular data and for each layer it is a constant along horizontal (K p (Q I-II ) = 52.1 dB/m, K s (QI -II ) = 105 dB/m; K p (Q III-IV ) = 43 dB/m, K s (Q III-IV ) = 90 dB/m; K p (N 2 ) = 40 dB/m, K s (N 2 ) = 80 dB/m, where K p and K s -attenuation of longitudinal and transverse waves, calculated for 100 kHz), and variation with depth is calculated according to Hamilton, 1972. Data of low-frequency hydroacoustic studies confirm the presence of three sedimentary layers at the site of the Gulf, for which a detailed geo-acoustic model is constructed, and, according to approximate estimate, the P-wave velocity of in them corresponds to described above. 
Water Layer
Water layer is presented in the form of statistical parameters. The paper describes the variations of temperature and sound velocity with depth in spring, summer and autumn seasons at the points where the hydrological studies were carried out (Fig. 6 ). All used materials of field hydrological studies were obtained by the authors. Besides, spatial variability of sound velocity field was obtained for the investigated. All the results of field hydrological studies, as well as the processed material are stored in an electronic database based on the Ocean Data View software (Schlitzer, 2013) . Characteristics considered by us lay in meso-synoptic range of variability with time scale of days and longer, and space -from a kilometer and more. Consideration of small-scale structure goes beyond the scope of this paper.
Field observations of hydrological characteristics of sea water in the Peter the Great Gulf were regularly carried out by the authors. Due to the specifics of these observations, our studies cover spring, summer and autumn periods.
The main mechanisms of inhomogeneities formation in the water layer of the investigated area are: currents (Primorsky current, the beginning of North-Korean flow) and vortices generated by them; tides (two high water and two low water phases during the day), causing thermocline fluctuations in depth. These factors have an impact continuously throughout the year. Seasonal factors may include upwelling, which occurs in the autumn (Yurasov and Vilyanskaya, 2010) , and passage of strong typhoons (Samchenko and Kosheleva, 2012) . It is also noted that a significant influence on the water layer structure in the shelf zone has bottom topography. (Samchenko and Kosheleva, 2012) .
Modeling of Acoustic Signal Propagation
Modeling of acoustic signal is based on Tyutekin, 1984 and Machevariani et al., 1971 , and data for calculation are taken from the detailed geo-acoustic model formed for the site of the Peter the Great Gulf. In the model the waveguide is presented by water layer of 40 m, friable sediments with total thickness of 50 m for the first case with «Very fine sand» and «Fine sand» of Upper Pleistocene-Holocene age (Q III-IV ), and 160 m for the second, where 3 sediment layers are marked out: «Very fine sand» and «Fine sand» of Upper Pleistocene-Holocene age (Q III-IV ), «Coarse sand» of Lower-Middle Pleistocene (Q I-II ) and «Gravel-pebble» of Neogene age (N 2 ) (Fig. 7) . These points are marked by "stars" in Let us consider a complanate stratified inhomogeneous layer presented in Fig. 7 . For calculations we used the method of tensor impedance, which allows us to reduce the boundary problem of elasticity theory to the initial problem for matrix Riccati equations
where Z -(2×2) matrix of tensor impedance of elastic layer; A(z), B(z), C(z), D(z) -known matrices characterizing the properties of inhomogeneous elastic layer and frequency. Directly in water layer impedance tensor reduces to a scalar impedance, and the matrix equation (1) becomes the usual Riccati equation. The solution of this problem is a simplification of the real environment, as layer 0 ≤ z ≤ h, used in the model, is taken as liquid, with sound velocity and density jump in it. As in our field investigations of this area the most often applied acoustic radiator has a carrier frequency 33 Hz (Samchenko, 2011a) , we performed the calculations for this frequency.
As a result of calculations in the first case formation of a single mode with the group velocity of about 3000 m/s is observed, that is an approximation to the Stoneley wave. In the second case three modes with different velocities occurred. One of them has velocity 1590 m/s.
CONCLUSION
Thus the developed geo-acoustic model summarizes available geological, geophysical, hydrological and petrophysical data and allows us to choose quantitative values of parameters for specified spatial coordinates. Further model correction can be carried out during the solution of inverse hydroacoustic and seismic problems. Meanwhile the mathematical processing of seismic data should be based on a numerical simulation of sound waves formation in different types of sediments. Such studies are currently being carried out by Pacific Oceanological Institute of Russian Academy of Sciences. In particular, the results were obtained, showing that the geo-acoustic properties of the surface of sedimentary cover undergo time-based changes: seasonal and twenty-four-hour. Such corrections are important for the further sound propagation analysis, and they can be evaluated and considered in the geo-acoustic model.
